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Abstract9
Whether tectonic convergence at subduction zones is accommodated predominantly10
through seismic or aseismic deformation, the former potentially generating large earth-11
quakes, varies considerably between subduction margins. This margin-scale variability12
has previously been linked to overriding plate deformation, trench migration and their13
influence on the plate interface stress state. While these processes are linked to mantle-14
scale dynamics, it is unclear how such dynamics influence interface stress. We system-15
atically analyse the interface stress state in a suite of 2-D thermo-mechanical subduc-16
tion models, where slabs display a range of morphologies that arise from diverse multi-17
scale interactions with adjacent mantle and the overriding plate. We demonstrate that18
the thickness of the interface layer varies dynamically, in response to Poiseuille flow in-19
duced by slab bending or unbending, leading to associated effects on interface shear stress20
at typical seismogenic depth. Lower shear stress occurs when slab unbending is signif-21
icant, which is commonly associated with trench retreat and draping of the slab as it im-22
pinges on the higher-viscosity lower-mantle. Conversely, higher shear stress is associated23
with limited slab unbending, which is promoted by negligible trench migration and ver-24
tically subducting slabs. We conclude that the diversity of slab dynamics may cause large25
variations in interface stress state between and maybe within margins. This is an ad-26
ditional variable that potentially controls seismogenic behaviour, and we compare broad27
stress estimates for Circum-Pacific margins to previous studies. Although predicted shear28
stress varies with observed seismogenic behaviour, more detailed constraints on stress29
state are needed to test for correlation.30
Key Points:31
• Modelled subduction interface thickness and shear stress are controlled by slab32
bending, pull and rollback33
• Lower shear stress is associated with significant slab unbending, promoted by trench34
retreat35
• Higher shear stress is associated with limited slab unbending and high slab pull,36
promoted by low slab-lower-mantle interaction37
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1 Introduction38
Long-term tectonic displacement across the plate interface at subduction zones is39
predominately accommodated by slip during large earthquakes at some margins, while40
others are microseismically active but deform predominately by continuous or transient41
creep. These end-members are conceptualised as seismic and aseismic margins respec-42
tively (Heuret et al., 2011; Pacheco et al., 1993; Scholz & Campos, 1995; Uyeda & Kanamori,43
1979). The controls on seismogenic behavior remain uncertain, with the leading hypothe-44
ses invoking key roles for stress state, pore-pressure, sediment thickness, megathrust rough-45
ness or curvature, and frictional properties (Brizzi et al., 2020; Bletery et al., 2016; Pacheco46
et al., 1993; Scholz & Campos, 1995; Scholl et al., 2015; van Rijsingen et al., 2018; Wang47
& Bilek, 2011). The hypothesis that stress state influences seismogenic behaviour is based48
primarily on experimental data (Goebel et al., 2013; Scholz, 1968) and intraplate seis-49
micity (Schorlemmer et al., 2005; Spada et al., 2013). Nishikawa and Ide (2014) and Scholz50
(2015) argued that this relationship could explain variation in earthquake statistics be-51
tween subduction margins, where seismogenic margins would have higher deviatoric stress.52
However, testing of this model is limited by uncertainty in how plate interface stress varies53
between regions. Interface stress has been inferred from heat-flow variation to not vary54
considerably (England, 2018) or to actually be lower in seismogenic regions (Gao & Wang,55
2014). Alternatively, regions supporting significant topography have been inferred to have56
relatively high shear stress (Lamb, 2006), potentially due to a deeper brittle-ductile tran-57
sition (Dielforder et al., 2020). While these studies do agree that interface stress is gen-58
erally low (10 MPa order), variations between margins are still unclear.59
Mantle-scale subduction models have been successful in relating subduction zone60
characteristics, such as overriding plate deformation, trench migration and slab morphol-61
ogy, to slab-mantle interaction and the forces driving subduction (e.g. Garel et al., 2014;62
Holt et al., 2015). Such large-scale models have been used to infer a low interface stress63
for sustained subduction (10 MPa order; Duarte et al., 2015), but have not yet been used64
to understand stress variations between subduction zones. Here we explore this novel65
perspective, quantifying the interface stress state in mantle-scale geodynamic models in66
which subduction self-consistently evolves, with the aim of testing whether some slab dy-67
namics are conducive to higher interface shear stress than others. We analyse a suite of68
numerical subduction models described by Garel et al. (2014), who modelled thermo-69
mechanical subduction dynamics in 2-D (Fig. 1), for a broad range of subducting and70
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overriding plate ages. We then use this analysis to estimate relative variations in the in-71
terface stress state of Circum-Pacific subduction zones thought to have contrasting seis-72
mogenic behaviour.73
Global variations in subduction seismogenic behavior have been correlated with con-74
trasts in large-scale geodynamic processes, such as aseismic margins with overriding plate75
extension and/or slab rollback, and seismogenic margins with shortening or negligible76
deformation of the overriding plate and/or negligible rollback (Conrad et al., 2004; Heuret77
et al., 2012; Schellart & Rawlinson, 2013; Scholz & Campos, 1995, 2012; Uyeda & Kanamori,78
1979; Wallace et al., 2012). It is therefore of interest how these processes relate to the79
interface stress state. As the numerical models we analyse reproduce variations in slab80
rollback, but not overriding plate stress, we primarily analyse the relationship between81
rollback and interface stress, as well as related slab-mantle dynamics.82
The Gutenberg-Richter earthquake frequency-magnitude distribution, describing83
the relative frequency of large and small earthquakes in a particular region, has been re-84
produced in models of frictional slip on faults with heterogeneous strength, geometry and/or85
stress distributions (Ben-Zion, 1996; Hillers et al., 2007; Ripperger et al., 2007). Such86
heterogeneous faults can deform at a range of background stresses and can subsequently87
differ in slip styles despite having identical frictional properties. The probability of a rup-88
ture growing to a large area and therefore moment magnitude in these models is depen-89
dent on the background shear stress acting on the fault at the time of rupture initiation90
(Fang & Dunham, 2013; Ripperger et al., 2007). Alternatively, these models also indi-91
cate that large ruptures could occur at relatively low background stress on smooth, con-92
tinuous faults. Contrasts in energy radiation imply that great earthquakes may vary be-93
tween these smooth (low complexity) and rough (high complexity) types, such that the94
role of tectonic stress may differ (Ye et al., 2018). Fault stress state may also depend on95
a number of factors, including pore pressure, variations in frictional strength, and pre-96
vious seismicity (Brodsky et al., 2020), as well as regional tectonic stresses (Hardebeck,97
2010). An understanding of how interface stress may vary between margins is therefore98
required to assess these competing influences on seismogenic behaviour.99
The influence of geodynamics on megathrust seismicity has been explored with geo-100
dynamic models incorporating the earthquake cycle (e.g. Brizzi et al., 2020; Van Dinther101
et al., 2013), which have the advantage of explicitly coupling both processes. However,102
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Figure 1: Model evolution examples (visualising a sub-region of the model domain),
showing 3 of the 16 total models we have selected from Garel et al. (2014) to be anal-
ysed in this study. The models reproduce a variety of trench retreat velocities and slab
morphologies, depending on the initial subducting and overriding plate ages (ageSP and
ageOP ). Squares denote initial trench position. A and C show the end-member models
chosen in this study as examples of trenches that are stationary or rapidly retreating.
such models are computationally expensive and cannot capture some aspects of the larger103
subduction system, such as dynamic driving forces (plate kinematics are typically im-104
posed) or slab-lower-mantle interaction. Interaction between the slab and mantle is thought105
to be an important aspect of the subduction zone force balance (Schellart, 2004; Scholz106
& Campos, 1995) and is required to reproduce the diverse range of imaged slab morpholo-107
gies on Earth (Garel et al., 2014; Goes et al., 2017). We aim to accurately capture the108
long-term interface stress state associated with this range of mantle-scale slab dynam-109
ics, with the limitation that the earthquake cycle cannot be explicitly modelled.110
2 Modelling background111
We analyse subduction models from Garel et al. (2014), examples shown in Fig.112
1, which were constructed using the finite-element, control-volume code Fluidity (Davies113
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Figure 2: Schematic of the weak layer, which is analogous to a layer of weak (or weak-
ened) sediment and oceanic crust. The weak layer with incoming thickness L0 is trans-
ported with a vertically constant velocity profile by the moving seafloor. The weak layer
thickness at depth, Lw, varies with time and depth, reflecting the volume flux controlled
by the weak layer velocity profile (shown). The interface stress at depths relevant to the
seismogenic zone is hypothesised to be influenced by deeper slab dynamics, identified as
mantle resistance during rollback, slab bending moment and slab pull.
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et al., 2011; Kramer et al., 2012). These models include both subducting and overrid-114
ing plates, with the upper-lower mantle transition represented by a factor of 30 viscos-115
ity jump, at 660 km depth. A 5 km thick weak decoupling layer, at the interface between116
subducting and overriding plates, and a free-surface, facilitate trench motion. This layer117
is thin compared to typical geodynamic models (e.g. 15 km in Holt et al., 2017), achieved118
through mesh refinement, though thicker than typical fault-zones (100s m scale; Rowe119
et al., 2013). Typical interface stress magnitudes of ∼ 10 MPa (Duarte et al., 2015) are120
reproduced, indicating that the stress scaling is realistic. Plate and mantle rheology de-121
pend on temperature and stress. Thermal structure controls slab thickness, density and122
viscosity. Accordingly, slab strength (resistance to bending and/or stretching deforma-123
tion dependent on both effective viscosity and thickness) and buoyancy (the integral of124
density over slab thickness) evolve self-consistently with the underlying thermal state.125
As the models are 2-D, they are most applicable to subduction zones in which along-strike126
variation in slab dynamics is negligible or gradual enough that out-of-plane stress het-127
erogeneity can be ignored.128
The numerical approach, which is underpinned by anisotropic mesh optimisation,129
maintains computational efficiency even in large domains, thereby reducing the control130
of boundary conditions on the resulting dynamics (the model domain is 2,900 km deep131
and 10,000 km wide). An initial slab shape is prescribed within the mantle and subduc-132
tion then self-consistently develops through time. The weak layer is initiated across the133
entire slab surface and is entrained during subduction, decoupling subducting and over-134
riding plates (shown conceptually in Fig. 2). The location of this weak decoupling layer135
is tracked using a volume fraction, the evolution of which is described by a linear advec-136
tion equation. In order to avoid excessive numerical diffusion of the weak layer into neigh-137
boring regions, this is discretized on the control volume mesh using the minimally dif-138
fusive HyperC face-value scheme (Wilson, 2009). Anisotropic adaptive mesh optimisa-139
tion, with a minimum edge-length of 500 metres, ensures that this weak layer is well-resolved.140
All materials follow a composite rheology combining diffusion and dislocation creep, which141
introduce temperature and strain-rate dependencies, as well as a combination of a yield142
stress and Peierls creep, which are stress limiting and allow slab bending to occur. The143
viscosity of the combined deformation mechanisms are incorporated as a harmonic mean144
of the effective viscosities for each. Viscosity is capped between 1018 Pa s - 1025 Pa s.145
The weak layer viscosity is capped at ≤ 1020 Pa s and prescribed a low friction coef-146
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ficient of 0.02. Further details of the modelling setup and solution strategies are described147
in Davies et al. (2011) and Garel et al. (2014).148
This paper focuses on quantifying how mantle-scale slab dynamics influence inter-149
face shear stress. We analyse a set of 16 models that reproduce a variety of slab dynam-150
ics (with various slab morphologies and trench velocities), controlled by the range of sub-151
ducting slab and overriding plate ages, termed ageSP and ageOP , which vary between152
20, 30, 40, 65 and 100 Ma in different combinations. We do not analyse all of these com-153
binations (which would be 25 models), as we exclude models that involve extreme yield-154
ing and entrainment of the overriding plate into the interface layer, because their inter-155
face thickness evolution was no longer systematic and potentially unrealistic. Model time156
steps < 20 Myrs are excluded, such that the prescribed initial subduction geometry has157
a negligible influence on our results.158
Younger subducting slabs in the models are initially thinner and, therefore, more159
buoyant and deformable, compared to older slabs. Subduction of older slabs typically160
involves trench retreat, whereas younger slabs subduct with a stationary to slightly ad-161
vancing trench (Fig. 1). Older overriding plates are thicker and limit rollback and slab162
unbending, though the influence on rollback is less pronounced in the models of Garel163
et al. (2014) compared to those with a fixed overriding plate (Alsaif et al., 2020). The164
overriding plate does not have a composition-dependent density, although it is gravita-165
tionally stable (due to its lower temperature and higher viscosity) over the evolution times166
of our models and can represent either oceanic or continental lithosphere, the latter rep-167
resented by older plate ages.168
Interface layer thickness and shear stress can be directly measured in the depth range169
relevant to the seismogenic zone, however it is more complex to quantify slab dynam-170
ics. The resistance of the mantle to slab rollback (Fig. 2) can play a significant role in171
the interface force balance (Scholz & Campos, 1995) and is quantified here by the hor-172
izontal trench retreat velocity, measured at the surface and relative to a stationary lower-173
mantle. This is likely to represent the force required to drive mantle flow, which is ap-174
proximately proportional to rollback velocity in 3-D free-subduction models (Stegman175
et al., 2006), though an exact relationship has not yet been constrained for 2-D models176
with an overriding plate. Significant slab unbending (Fig. 2) as it enters the astheno-177
sphere is also associated with slab rollback (Lallemand et al., 2008; Scholz & Campos,178
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Figure 3: Idealised velocity profiles arising from the superposition of simple shear (Cou-
ette flow) and Poiseuille flow. Mass flow decreases or increases for Poiseuille flow driven
by a down-dip pressure increase or decrease respectively.
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1995) and is later shown to be a driver of interface Poiseuille flow. Slab pull is also a key179
part of the subduction zone force balance, though is likely to contribute less to the sub-180
duction force balance than mantle flow during rollback (Schellart, 2004).181
Both slab bending moment and pull are visualised and measured directly from the182
slab stress state. Slab pull is quantified by calculating the average axial deviatoric nor-183
mal stress within the slab at 100 km, defining the base of the slab as the 800oC isotherm.184
The magnitude of slab bending torque at 100 km depth is quantified by calculating the185
bending moment in a slab-perpendicular cross-section (as shown in Supp. Fig. S1). A186
clock-wise torque, related to increasing curvature, is taken as positive. Bending moment187
is zero when there is no switch in sign, as occurs in a small number of cases when there188
is no axial compression.189
2.1 Simplified Analytic Model190
The weak layer evolves freely: although its 5 km thickness is imposed as the incom-191
ing thickness (L0 in Fig. 2) and initial condition at depth, it thickens or thins in response192
to the surrounding force-balance. This variation in thickness influences the interface stress,193
which varies inverse proportionally with thickness for constant convergence velocity vc194
and stress below yielding. Simple shear within the interface weak layer would transport195
weak material at a volume-flux of 0.5vcLw, for depth-dependent weak layer thickness Lw196
(Fig. 2). At steady state the incoming sediment thickness of L0 (transported at the sur-197
face with a flux of vcL0) would then increase to Lw = 2L0 for interface segments de-198
forming by simple shear.199
Mass flow within the interface weak layer is also modified by Poiseuille flow: down-200
or up-dip flow driven by pressure gradients that cause deviations of the velocity profile201
within the weak layer from simple shear (Fig. 3). Superposition of simple shear with up-202
dip Poiseuille flow (due to a down-dip increase in pressure, assuming lithostatic pressure203
has been subtracted) then generates a concave velocity profile with decreased volume-204
flux (Fig. 3a), increasing Lw and potentially decreasing interface shear stress. Superpo-205
sition with down-dip Poiseuille flow (resulting from a down-dip decrease in pressure) gen-206
erates a convex velocity profile with increased volume-flux (Fig. 3b), decreasing Lw and207
potentially increasing stress. A simplified mass balance calculation, assuming interface208
layer properties relevant to the models of Garel et al. (2014), indicates that a downward209
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pressure gradient of about 24 MPa / km is required to reduce the interface layer to Lw =210
L0, but only an upward gradient of 0.9 MPa / km to thicken it to Lw = 3L0 (Supp.211
Text S1 and Fig. S2). The analytic model shows that these pressure gradients depend212
on the model L0, vc and weak layer viscosity, however the dependence on the latter two213
parameters would be neglected if the interface stress during simple shear is constrained.214
3 Results215
As there are 16 models, each with contrasting subduction dynamics and evolution216
through time, we present our analysis in three sections that demonstrate the interplay217
between slab dynamics and interface stress in varying granularity. First, we compare two218
models chosen as end-member cases that represent negligible and significant trench re-219
treat, and analyse their stress states in detail. Secondly, we compile a dataset captur-220
ing multiple time-steps from every model, in order to generalise the relationship between221
instantaneous slab dynamics and interface stress. Finally, we demonstrate how slab dy-222
namics and interface stress can evolve significantly through time for a given subduction223
model.224
3.1 End-member comparison225
The model with ageSP = 100 Ma and ageOP = 20 Ma generates rapid trench re-226
treat, while the trench is quasi-stationary when ageSP = 20 Ma and ageOP = 20 Ma227
(Figs. 1 and 4a). These models are taken as end-member examples. The end-member228
with trench retreat has an interface layer that is thicker and deforms at lower shear stress,229
compared to the stationary trench end-member (Fig. 4b). The largest contrast in thick-230
ness occurs at 10 km depth, where Lw = 4L0 and 0.8L0 for the retreating and station-231
ary trench models respectively after 30 Myrs. However, the shear stress contrast is lim-232
ited at this depth as both models are at the frictional yield stress. At depths of 20-30233
km, relevant to the seismogenic zone, the stationary trench model has a weak layer thick-234
ness 3× thinner and shear stress almost 2× larger than the trench retreat model (Fig.235
5). This high stress in the stationary trench model is sufficient to cause yielding down236
to depths of 20-35 km (varying temporally), compared to about 10 km for the retreat-237
ing trench model (Supp. Fig. S3). The stress in the trench retreat model increases with238
depth until the models have similar interface stress at 100 km depth, such that the stress239
contrast is most significant in the upper half of the interface.240
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Velocity profiles are extracted perpendicular to slab dip and centered at 20 km depth241
(Fig. 5, profile positions shown in Fig. 4c). They exhibit concave and convex shapes, ex-242
plained by an increasing down-dip pressure gradient for the model with a thick interface243
layer and a decreasing pressure gradient for the thin interface layer, respectively. The244
corresponding effective pressure gradients required to produce such deviations from sim-245
ple shear (solving for Px in Eq. S1) are 15 MPa / km and -0.5 MPa / km, which are sim-246
ilar to the magnitudes predicted from the simplified analytical model (Supp. Fig. S2).247
Down-dip pressure gradients within the interface layer are influenced by stresses248
in the adjacent slab and overriding plate at the lithosphere scale. These stresses are anal-249
ysed as the direction of principal deviatoric compressive stress and the maximum devi-250
atoric shear stress at each point of an interpolated grid (Fig. 4c). The total stress act-251
ing on the interface is the sum of the deviatoric stress (shown) and pressure (defined to252
exclude lithostatic pressure). Slab-dip-perpendicular normal deviatoric stress is effectively253
zero within the interface layer, due to its low viscosity. This normal stress, as well as pres-254
sure, in the adjacent slab and overriding plate material is therefore converted completely255
into the pressure gradients that drive Poiseuille flow within the interface layer.256
The overriding plate adjacent to the interface layer in the trench retreat end-member257
model is in slab-perpendicular deviatoric compression at all depths (Fig. 4c), varying258
from a maximum of 150 MPa at 30-40 km depth to a maximum of 50 MPa at < 10 km259
depth. The larger deviatoric compressive stress at depth is responsible for the increas-260
ing down-dip interface pressure. This compression at depth reflects upwards pressure from261
the slab (red arrow in Fig. 4c), which is experiencing axial stress driving unbending as262
evident in deviatoric axial compression at the slab top (depths > 40 km), while unbend-263
ing also results in compressional pressure at the slab top. This unbending corresponds264
to a reduction in slab curvature, rotating the slab anti-clockwise. Though the direction265
of principal deviatoric stress within the slab top is orthogonal to the overriding plate,266
this can be reconciled with a force balance in which the slab-perpendicular deviatoric267
compression in the overriding plate is balanced by compressional pressure (rather than268
deviatoric stress) in both the interface layer and the slab. The shallow mantle wedge re-269
turn flow may contribute to the overriding plate deviatoric compression, however this270
also occurs in models with a thick overriding plate and therefore deeper and/or limited271
mantle wedge flow. Slab dynamics are therefore interpreted to have the greatest influ-272
ence on the interface layer pressure gradient, as further demonstrated in Sec. 3.2.273
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Figure 4: Contrasting dynamics of end-member models with a stationary trench (ageSP
= 20 Ma and ageOP = 20 Ma) and rapid trench retreat (ageSP = 100 Ma and ageOP =
20 Ma), shown after 30 Myrs. A) Effective viscosity, reflecting the temperature field, in
which slabs are cold and strong, as well as slab yielding. Squares denote initial trench
position. B) Maximum deviatoric shear stress within the interface layer, with temperature
contours. C) Maximum deviatoric shear stress (capped in visualisation at 200 MPa, note
change in scale) and asthenospheric mantle flow. The direction of principal compressive
normal stress in the lithosphere demonstrate that the overriding plate is predominately
in slab-dip-perpendicular tension for the stationary trench model and compression for
retreating trench, indicative of the force applied to the overriding plate and weak layer by
the slab (red arrows). The transition to slab unbending (slab top in compression, base in
extension) is deeper in the stationary trench model. The velocity profile positions in Fig.
5 are shown (white bars).
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Figure 5: Slab-dip-perpendicular velocity profiles within the interface layer centered at 20
km depth, for the trench retreat and stationary trench end-member models shown in Fig.
4.
The overriding plate in the stationary trench end-member model is mostly in slab-274
dip-perpendicular deviatoric tension close to the interface (Fig. 4c), contrasting the re-275
treating trench model. The upper 10 km is in compression of similar magnitude to the276
deeper deviatoric tension (50 - 100 MPa), resulting in the large normal stress gradient277
responsible for down-dip Poiseuille flow. The slab top is in dip-perpendicular deviatoric278
compression, but will also be experiencing high tensile pressure due to the slab bend-279
ing away from the overriding plate, reflecting the tensional stress applied to the overrid-280
ing plate (red arrow). This is compatible with lower pressure in the weak layer at increas-281
ing depth, until the onset of unbending stresses at about 70 km depth (which also cor-282
responds to a switch to overriding plate compression). The slab is deforming by down-283
dip stretching, corresponding to the tensional down-dip deviatoric stress, at depths of284
20-70 km, resulting from the slab pulling downward and away from the overriding plate.285
This pull contributes to the larger slab curvature relative to the retreating trench model.286
While the slab begins to unbend at about 40 km depth in the retreating trench end-member287
model, this transition to unbending occurs deeper at 70 km in the stationary trench model.288
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This common unbending at > 70 km depth may reflect the increasing similarity in in-289
terface stress between the models at these depths.290
3.2 Instantaneous interface shear stress and thickness291
Subduction dynamics vary through time in each of the 16 models. Causes for this292
include the evolving thermal and stress fields, interaction(s) between the slab and lower-293
mantle and, potentially, slab break-off. We quantify slab dynamics, as well as weak layer294
thickness and stress, for multiple time-steps from each model and treat these as instan-295
taneous data, from which we check for general correlations.296
Interface thickness (relative to L0) and shear stress is analysed for the 10-50 km297
depth range, covering the typical seismogenic depth-range (Heuret et al., 2011; Hynd-298
man et al., 1997), calculated as an average over a surface parallel to slab dip. These are299
compared to trench retreat velocity (related to mantle resistance forces), as well as slab300
bending moment and axial slab pull at 100 km depth (Fig. 6). The slab-mantle dynam-301
ics are related to the relatively shallow interface segment analysed through the mech-302
anism of slab bending and Poiseuille flow demonstrated earlier. This interaction can also303
be considered as a force and torque balance between the deep and shallow slab segments,304
though quantifying this balance is beyond the scope of our study. As some model time-305
steps involve anomalously low interface stress related to very low convergence velocities306
during periods of stalling subduction, statistics are calculated only for model steps with307
vc > 1.5 cm/yr (outlined points in Fig. 6).308
Average interface stress varies from 8 - 19 MPa and model data is generally clus-309
tered according to ageSP , with both maximum stress and variability decreasing with in-310
creasing ageSP . This clustering coincides with a narrow range in rollback velocity for each311
ageSP . The highest interface shear stress occurs in models with negligible rollback (i.e.312
stationary trenches) and approximately decreases with increasing rollback velocity, with313
a correlation coefficient of r = −0.37 (Fig. 6a). The interface thickness has an inverse314
relationship with rollback velocity, increasing with increasing rollback velocity and with315
a correlation r = 0.83 (Fig. 6b). As stress below yielding is proportional to interface316
thickness for constant vc and homogeneous stress, the lower correlation in Fig. 6a likely317
largely reflects variability in vc, however in nature plate velocities are homogenized along-318
strike at the plate scale. These comparisons indicate that rollback velocity, represent-319
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ing varying influence of mantle resistance on the interface force balance, has a first or-320
der control on interface thickness and stress range, while other dynamics are also required321
to explain stress variation.322
The trench retreat end-member model involves significant axial deviatoric compres-323
sion, likely linked to slab-lower-mantle interaction, which may reduce the axial slab pull324
force and therefore influence the interface stress. There is a broad correlation between325
interface shear and slab pull stresses (Fig. 6c), with r = 0.55, where models with high326
interface stress generally have high slab pull stress. Low interface stress typically cor-327
responds to low pull stress, with the slab even in net compression in some cases. Mod-328
els with varying ageSP overlap more than Fig. 6a and high slab pull variation appears329
to correspond to high stress variation. There is little correlation between slab pull and330
interface thickness (Fig. 6d), likely indicating that the pull stress influences interface stress331
by modulating the convergence velocity and/or stress distribution. It therefore appears332
that an interplay between mantle resistance during rollback and slab pull is responsible333
for the variation in interface stress.334
Models with high interface stress generally have high bending moments, correspond-335
ing to reduced unbending as all models with vc > 1.5 cm/yr involve either unbending336
or negligible torque. Models with small bending moments (corresponding to high unbend-337
ing) broadly have low interface stress, with a correlation of r = 0.44. An inverse cor-338
relation between slab bending and interface thickness has r = −0.73, indicating that339
slab bending influences interface stress by modulating the interface thickness, as expected340
for the Poiseuille flow process described earlier. Slab bending moment is also analysed341
at 50 km depth, where there was clearly a contrast in bending between the end-member342
models in Fig. 4c (Supp. Fig. S4). There is also a correlation between this shallow bend-343
ing and interface stress, with r = 0.55, indicating the deep slab torque translates also344
to a shallow torque. The slab bending moments are similar in magnitude to the unbend-345
ing component estimated (∼ 1017 N m) for slab rollback by Lallemand et al. (2008). An-346
other consequence of variation in slab unbending is its effect on the down-dip length of347
the interface, which potentially varies inverse-proportionally with interface stress (Supp.348
Fig. S5), such that negligible unbending may produce a shorter interface which focusses349
subduction forces.350
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While we have demonstrated relationships between interface stress and aspects of351
deep slab dynamics, there is scatter around the calculated linear regressions in Fig. 6,352
which is likely to be improved in more careful force balance calculations. For example,353
the shear force acting at the interface changes orientation with dip. If the interface shear354
forces, as well as slab pull, are all resolved in the vertical direction, the correlation co-355
efficients of Figs. 6a, c and e improve to r = −0.54, 0.68 and 0.60 respectively (Supp.356
Fig. S6a-c). Variations in the strength of the overriding plate are also likely to influence357
the interface stress. For example, the model with ageSP = 65 Ma and ageOP = 20 Ma358
has high interface thickness and low stress, relative to other models with ageSP = 65 Ma.359
This model involves significant overriding plate yielding (Fig. 1b). The reduced mechan-360
ical coupling between the subducting and overriding plates that follows appears to pro-361
mote thickening of the interface layer, without the equivalent low bending moment or362
rollback velocity required in other models (Figs. 6b and f).363
Average interface shear stress was also calculated for the deeper 50-100 km depth364
range (Supp. Fig. S6d-f). In this deeper depth range interface stress is higher, ranging365
from 16 - 45 MPa, and there do not appear to be any correlations with slab dynamics.366
This poor correlation may relate to the more uniform stress in the deep interface shown367
for the end-members in Sec. 3.1 and closer proximity to return mantle-flow which cou-368
ples the plates.369
3.3 Interface layer time-dependency and slab-mantle interaction370
Having demonstrated the instantaneous relationship between interface properties371
and slab dynamics in Sec. 3.2, we now briefly explore how these relationships evolve through372
time in two models, in order to illustrate the time-dependent variability that is possi-373
ble for subduction zones. Variation in weak layer thickness and shear stress appears to374
be primarily caused by changes in slab-mantle interaction, which are particularly signif-375
icant given the non-linear rheologies utilized. Generally, slab bending moment and pull376
is at a maximum when young or torn slabs do not extend into the lower-mantle and/or377
penetrate vertically through the 660 km transition, and at a minimum when the slab is378
draped over the transition. These characterisations are illustrated by the following ex-379
amples.380
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Stationary
Trench
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Figure 6: All model data for times > 20 Myrs, where points are individual time steps,
colour denotes ageSP and symbols ageOP . This data demonstrates how interface layer
shear stress (a, c and e) and thickness (b, d and f), averaged over 10-50 km depth, vary
with rollback velocity (top, representing mantle resistance during rollback), as well as slab
pull (middle) and bending moment (bottom) at 100 km depth. The size of the points in a,
c and e are scaled by convergence velocity and correlations are calculated for points with
vc > 1.5 cm yr
−1 (outlined symbols, ignoring a small subset of slowly converging models).
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Figure 7: Variation in interface dynamics through time for two models with high vari-
ability in interface stress through time (as in Fig. 6), compared to slab morphology and
strength (depicted by viscosity). Squares denote initial trench position. Left) A period
over which the slab is unsupported by the lower-mantle and dominated by downward
slab pull (A) is associated with a high contribution of down-dip Poiseuille flow, interface
thinning and high interface stress. Once the slab encounters the lower-mantle (B), the
pressure gradient and shear stress decrease. Right) Despite significant rollback, the model
initially has a down-dip Poiseuille contribution thinning the interface, related to low slab-
lower-mantle interaction (C). Once the slab drapes the lower-mantle (D), the pressure
gradient switches to down-dip pressure increase, after which interface stress and slab pull
slowly decrease and interface thickness increases.
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The evolution of the model with ageSP = 20 Ma and ageOP = 20 Ma (stationary381
trench end-member) is shown in Fig. 7. The pressure gradient is calculated from the in-382
terface Poiseuille flow required to account for deviations from simple shear at 10 km depth383
(using Eq. S1), where there is a minimal time delay for volume-flux variation diffusing384
down-dip. All other data are calculated in the same manner as for Fig. 6. The slab is385
relatively weak and prone to breaking, which occurs at 25 - 30 Myrs (Fig. 7a). This slab386
break-off is associated with a simultaneous episode of large down-dip-decreasing pres-387
sure gradient within the weak layer, increased slab pull, increased interface stress and388
reduction in interface thickness. Both the slab pull stress and the interface stress reduce389
once the slab extends into the lower-mantle again (Fig. 7b), while the interface thick-390
ens slowly.391
The model with ageSP = 40 Ma and ageOP = 65 Ma involves a switch from down-392
dip decreasing pressure gradient and relatively thin interface layer (Fig. 7c), to down-393
dip increasing pressure gradient and interface layer thickening (Fig. 7d). Despite the model394
involving moderate trench retreat (Fig. 6), the ‘horizontally deflected’ slab morphology395
(identified by Garel et al., 2014) results in reduced slab-lower-mantle stress transmis-396
sion and subsequently a steep slab dip in the mid-upper-mantle corresponding to reduced397
slab unbending. Once the slab drapes across the lower-mantle, the pressure gradient re-398
verses and there is a slow transition to decreased slab pull (involving a switch from ax-399
ial tension to compression) and interface stress, while the interface slowly thickens. This400
transition is effectively recorded in the hook morphology of the slab sinking through the401
lower-mantle.402
4 Discussion: Estimates of interface stress and comparison to seis-403
mogenic behavior404
Seismogenic behavior (seismic vs aseismic deformation) has been hypothesised to405
be influenced by slab and overriding plate dynamics (Heuret et al., 2012; Schellart & Rawl-406
inson, 2013; Scholz & Campos, 2012) and more generally deviatoric stress (Scholz, 1968;407
Nishikawa & Ide, 2014). Exploration of a link between these ideas is limited by uncer-408
tainty in how interface stress varies. Interface stress has previously been inferred to be409
relatively homogeneous between margins (England, 2018), anomalously high at aseismic410
margins (Gao & Wang, 2014) or anomalously high only in regions supporting significant411
topography (Dielforder et al., 2020; Lamb, 2006). Our results indicate that slab dynam-412
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Figure 8: Summarised end-member behavior proposed in this study, linking slab evolu-
tion and morphology to interface shear stress (not to scale).
ics may exert a considerable influence on interface stress. In this section we draw on our413
model results to qualitatively estimate interface shear stress from slab dynamics for four414
Circum-Pacific regions, comparing to previous characterisations of stress state. We then415
briefly revisit qualitative correlations between stress state and seismogenic behavior for416
these regions (Fig. 9), chosen to include relatively long subduction margins, applicable417
to our 2-D models, that are known to have contrasting seismicity and subduction dy-418
namics.419
Subduction involving limited slab unbending (positive or weakly negative bend-420
ing moment) and high slab pull at 100 km depth, generally associated with negligible421
trench retreat and minor slab-lower-mantle interaction, is predicted in the models (Fig.422
6) to be associated with a thin interface layer and, subsequently, high deviatoric shear423
stress within the seismogenic zone depth range (Fig. 8a). Subduction with significant424
slab unbending and limited slab pull, promoted by rapid trench retreat and draping of425
the slab across the lower-mantle, is predicted to promote a thick interface layer and low426
shear stress (Fig. 8b).427
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Modelled shear stress can vary between the two end-member regimes by a factor428
of >1.5 at 10 - 50 km depth (Fig. 6). This variation is larger than the range of background429
shear stress used by Fang and Dunham (2013) to reproduce a range of earthquake size430
probability distributions in models of seismic slip on rough faults (compared to a fac-431
tor of 1.2 background stress variation between their models with a fault roughness am-432
plitude to wavelength ratio of 0.01), where ruptures spanning an entire fault are rela-433
tively improbable at low background stress. Subduction zone b-values mostly range from434
approximately 0.9 to 1.3 (Nishikawa & Ide, 2014), which corresponds to a range in shear435
stress of 100 MPa order following the compilation of Scholz (2015), much greater than436
that modelled here. Dal Zilio et al. (2018) used models of seismic slip within collisional437
orogens to reproduce seismic slip catalogues with b-values ranging from 0.8 to 1.1 for mod-438
els with orogen differential stress ranging from 150 - 300 MPa, related to varying con-439
vergence rate. This is a similar factor of relative stress variation as between our mod-440
els, though with higher absolute magnitudes.441
As our models are designed to explore mantle dynamics rather than exactly repro-442
duce observables such as plate velocities or topography, stresses are not expected to have443
exact absolute magnitudes or reproduce near-surface variation. It is also difficult to di-444
rectly relate the modelled stress state effective at million-year time-scales with stress vari-445
ation within the earthquake cycle. We therefore take the simplified approach of char-446
acterising regions with slab unbending and bending stresses as having relatively low and447
high shear stress respectively when only the influences of the modelled long-term slab448
dynamics are considered.449
Slab bending and the resulting slab stress state can be inferred from both slab mor-450
phology, imaged with seismic tomography, and the focal mechanisms of slab earthquakes.451
Slab-lower-mantle interaction varies between slabs penetrating the lower-mantle with lit-452
tle change in morphology and slabs that stagnate and drape along the lower-mantle (Goes453
et al., 2017), the variation relating to the history of trench motion, as occurs in the mod-454
els of Garel et al. (2014). Slab-lower-mantle interaction in geodynamic models influences455
the slab stress state, controlling whether the slab at intermediate depths (∼100-300km)456
is bending or unbending (Fig. 4; Alpert et al., 2010). Varied slab-lower-mantle interac-457
tion is indeed reflected in the orientations of principal deviatoric stresses in the slab, in-458
ferred from earthquake focal mechanisms (Goes et al., 2017; Isacks & Molnar, 1971). The459
focal mechanisms of slab earthquakes at ‘intermediate’ depths tend to have slab-dip-orientated460
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compressional axes (P-axes) when slabs are draped along the lower-mantle, as expected461
for slab unbending, or slab-dip-orientated tensional axes (T-axes) when slabs penetrate462
into the lower-mantle, as expected for bending.463
Alpert et al. (2010) compiled the average normalised centroid moment tensor so-464
lutions of earthquakes occurring within 50-200 km wide (along-strike) strike-perpendicular465
slices and 50 km depth bins starting at 100 km depth (isolating intra-slab earthquakes466
from overriding plate and megathrust earthquakes), calculating the alignment between467
the down-dip moment tensor component and a down-dip T-axis. We assume that our468
measurements of slab bending and pull at 100 km depth are applicable to the interme-469
diate depth range analysed by Alpert et al. (2010), as intermediate depth earthquakes470
are generally characterised as having similar focal mechanisms, however we note any known471
variability. It is ambiguous whether earthquakes with slab-dip-orientated P-axes repre-472
sent unbending or axial compression (bending or axial tension for T-axes), however our473
modelled slab unbending is characterised both by a strongly negative bending moment474
and decreased slab pull, so that it is unnecessary to make this distinction.475
The average orientation over a depth range of 100-350 km is shown for selected slices476
(red and blue rectangles, Fig. 9). High seismic P-wave velocity anomalies of ≥ 0.5% (rel-477
ative to a radial reference model) at 575 km depth were extracted from the UU-P07 model478
(Amaru, 2007; Hall & Spakman, 2015), as an indication of stagnated slabs at the lower-479
mantle transition and therefore any recent trench retreat that may have resulted in slab480
unbending.481
Regional seismogenic behavior is typically characterised by instrumentally-constrained482
seismic coupling or records of great earthquakes (e.g. Bilek & Lay, 2018; Pacheco et al.,483
1993; Uyeda & Kanamori, 1979). We plot seismic coupling coefficients for subduction484
margin segments (trench colours, Fig. 9) calculated by Heuret et al. (2011) as the ra-485
tio of the effective seismic slip rate (for earthquakes spanning 1900-2007) to the subduc-486
tion convergence velocity. Megathrust earthquakes with Mw ≥8 are also shown (span-487
ning 1900-2018), compiled by van Rijsingen et al. (2018). Seismic coupling is significantly488
weighted towards large earthquakes, such that low seismic coupling reflects a low num-489
ber of recorded large earthquakes. There are significant uncertainties in such character-490
isation of seismogenic behavior, due to a limited instrumental record (McCaffrey, 2007)491
and interpretations of aseismic behavior should be considered hypotheses. Regimes of492
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compressional, extensional or neutral (either no deformation or strike-slip) overriding plate493
strain regimes characterised by Heuret et al. (2011, 2012) are also plotted (labelled as494
C, E and N in Fig. 9).495
Comparison of estimated interface stress to previous characterisations of seismo-496
genic behavior is a test of whether geodynamic influences at the length- and time-scales497
studied here may influence seismogenesis. This would be superimposed on many other498
influences at a range of scales. Fault-zone scale heterogeneity of frictional properties, sed-499
iment thickness or pore pressure has been associated with variability in seismogenic be-500
havior (Pacheco et al., 1993; Scholl et al., 2015; Wallace et al., 2012). Bletery et al. (2016)501
argue that large earthquakes occur on flat megathrust segments (low curvature), pos-502
sibly contradicting our inference that decreased slab bending is associated with low megath-503
rust deviatoric stress. However, there is a complex dependence on what controls shal-504
low slab geometry. For example, subduction of buoyant material promotes slab flatten-505
ing, while also reducing unbending as the slab enters the asthenosphere (Van Hunen et506
al., 2002). Brizzi et al. (2020) showed that an increase in incoming sediment thickness507
in a subduction zone with imposed convergence velocity increases sediment accretion,508
trench retreat and megathrust length, promoting large earthquakes. Increasing megath-509
rust length may therefore offset decreasing shear stress during trench retreat. Margins510
experiencing rollback (e.g. Tonga, Ryukyu) are commonly erosive margins, rather than511
accretionary (Clift & Vannucchi, 2004), indicating that a complex interplay of dynam-512
ics may influence accretion.513
–24–
manuscript submitted to Geochemistry, Geophysics, Geosystems
514
90°
90°
100°
100°
110°
110°
120°
120°
−10° −10°
0° 0°
10° 10°
20° 20°
120°
120°
125°
125°
130°
130°
135°
135°
140°
140°
145°
145°
150°
150°
15° 15°
20° 20°
25° 25°
30° 30°
35° 35°
40° 40°
45° 45°
50° 50°
170°
170°
175°
175°
180°
180°
−175°
−175°
−170°
−170°
−40° −40°
−35° −35°
−30° −30°
−25° −25°
−20° −20°
−15° −15°
−100°
−100°
−90°
−90°
−80°
−80°
−70°
−70°
−60°
−60°
−50°
−50°
−50° −50°
−40° −40°
−30° −30°
−20° −20°
−10° −10°
0° 0°
10° 10°
20° 20°
Seismic Coupling
Mw > 8 Megathrust Earthquakes
High P-wave velocity annomaly (>0.5%) 
at 575 km depth 
Slab Dip-Parallel Extension at 100-350 km depth
Down-dip T-Axes
(extension)
Down-dip P-Axes
(shortening)
Slab Unbending Slab Bending
Draping
slab
Draping 
slab
Peru
Chile
Ry
uk
yu
Na
nk
ai
Ja
pa
nSum
atra
Java
M
ariana
C)
B)
A)
0.0 0.2 0.4 0.6 0.8 1.0
Hi
ku
ra
ng
i
Ke
rm
ad
ec
To
ng
a
Draping
slab
D)
Draping 
slab
N
C
C
C
N
E
E
N
N
C
N
E
E
Izu-Bonin
Draping
slab
515
–25–
manuscript submitted to Geochemistry, Geophysics, Geosystems
516
Figure 9: Comparisons of average slab earthquake focal mechanisms (rectangles, inferring
slab bending stress, red, and slab unbending, blue; Alpert et al., 2010), seismic coupling
(trench coloring; Heuret et al., 2011) and draping slabs at the lower-mantle transition
indicated by seismic P-wave anomalies (Amaru, 2007; Hall & Spakman, 2015). Mw ≥ 8
megathrust earthquakes (1900-2018; van Rijsingen et al., 2018) and trench boundaries
(Bird, 2003) are also shown. Overriding plate regimes are labelled as compressional
(C), extensional (E) or neutral (N) following Heuret et al. (2011, 2012). Slabs that are
clearly bending or stretching appear to be commonly associated with high seismic cou-
pling (Sumatra and Chile, though only southern Peru) and slabs that are unbending are
generally associated with low seismic coupling (Ryukyu and Kermadec-Tonga), while the
bending style and relationship with seismicity is less clear for other margin segments.517
518
519
4.1 Slab bending end-members: Peru, Chile and Sumatra520
The focal mechanisms of slab earthquakes at the margins of Peru, Chile and Suma-521
tra (Figs. 9a and b) are clearly indicative of slab dip-parallel tension (consistent align-522
ment of T-axes with slab dip; Alpert et al., 2010), consistent with slab bending or stretch-523
ing, and are therefore predicted to have high interface shear stress. The high interface524
shear stress predicted for the Chile margin is broadly consistent with the findings of Lamb525
(2006) and Dielforder et al. (2020), who both calculated that high integrated interface526
stress supports the Andes, particularly in northern Chile. These studies predicted shear527
stress in southern Chile to be approximately half of that in northern Chile, though still528
moderate (up to approximately 50 and 100 MPa respectively at 40-50 km depth). Heuret529
et al. (2012) characterised the back-arc stress regime as compressive in Peru and north-530
ern Chile and neutral in Southern Chile (Fig. 9a). Their neutral regime represents a com-531
bination of trench-perpendicular shortening and strike-slip, of which the latter compo-532
nent cannot be reproduced in 2-D models, however the shortening component is likely533
to be most relevant to interface stress.534
The back-arc region of Sumatra is characterised as neutral (Fig. 9a; Heuret et al.,535
2012) and is undergoing transpression, in order to accommodate oblique subduction (Bellier536
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& Sébrier, 1995). The shear stress in Sumatra has previously been estimated to be of537
similar magnitude to southern Chile and therefore relatively moderate, but lower than538
northern Chile, corresponding to a thinner overriding plate with minor topography (Dielforder539
et al., 2020; Lamb, 2006). There was no obvious relationship between shear stress and540
overriding plate age, and therefore thickness, in our models (Fig. 6), though thick over-541
riding plates have previously been found to encourage plate coupling (Sharples et al., 2014).542
The slabs at Peru and Sumatra each penetrate or do not reach the lower-mantle543
transition (limited slab extent at 575 km depth in Fig. 9), consistent with the high slab544
bending observed. The Chile slab is an exception, which flattens at 660 km while the545
adjacent Peru slab penetrates, consistent with higher relative trench displacement (Goes546
et al., 2017). This mismatch between slab morphology and bending stress may be a re-547
sult of the narrow along-strike extent of draping slab or other plate coupling processes.548
We also note that much subduction in Peru generally occurs with a shallow dip (flat sub-549
duction; Gutscher et al., 2000), with related unbending at ∼ 50 km depth, before tran-550
sitioning back to bending at ≥ 100 km depth (Sandiford et al., 2019), likely complicat-551
ing the interface force balance.552
Seismic coupling in Chile, Sumatra and southern Peru is generally high and each553
of these segments have experienced many great earthquakes (Figs. 9a and b), implying554
a possible correlation with the relatively high shear stresses estimated. The seismic cou-555
pling in northern Peru, however, appears to be low and there is no instrumental record556
of great earthquakes in the last 100 years.557
4.2 Slab unbending end-members: Ryukyu and Kermadec-Tonga558
Slab dip-parallel compression, and therefore slab unbending, is most clearly evi-559
dent for the Ryukyu and Kermadec-Tonga margins (Figs. 9c and d; Alpert et al., 2010).560
The Kermadec-Tonga and Ryukyu slabs are both draping across the lower-mantle (Pownall561
et al., 2017; van de Lagemaat et al., 2018), consistent with trench retreat indicated by562
plate reconstructions and back-arc basin opening (Jolivet et al., 1994; Schellart et al.,563
2006). The Ryukyu slab has a tear that is propagating from the south-west and does not564
yet appear to have completely separated the slab (Pownall et al., 2017), which may ex-565
plain why the slab is still unbending. Slab unbending and rollback at the Ryukyu and566
Kermadec-Tonga margins is estimated to correspond to low interface shear stress.567
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The Ryukyu and Kermadec-Tonga margins were classified by Heuret et al. (2012)568
as having extensional overriding plate regimes and to be aseismic. Scholz and Campos569
(2012) associated rapid slab rollback at the Kermadec and southern Tonga margins with570
low seismic coupling. Lamb (2006) calculated that the shear stress at the Tonga mar-571
gin is slightly lower or higher (within a few MPa) than southern Chile or Sumatra, de-572
pending on whether or not its low trench fill results in an unusually high friction coef-573
ficient. This differs from our estimate of anomalously low shear stress corresponding to574
what appears to be an ideal example of slab unbending. Our models with the most promi-575
nent slab rollback had old slabs, resulting in higher slab density, faster convergence and576
lower subduction temperatures, which are all likely to promote high shear stress in a litho-577
sphere scale force balance. However, these effects are offset by increased in-plane slab578
compression (Fig. 4c) and the resistance of the asthenosphere during rollback (Schellart,579
2004), likely contributing to the low net shear stress. The force balance of Lamb (2006)580
does not include these mantle forces, which may explain the discrepancy.581
Both margins are generally considered to be aseismic on account of having low seis-582
mic coupling and a paucity of instrumentally recorded great earthquakes (Bilek & Lay,583
2018; Pacheco et al., 1993; Scholz & Campos, 2012), which may then be correlated with584
the low estimated shear stress. It has been argued that northern Tonga has moderate585
seismic coupling related to margin curvature near the slab edge (Scholz & Campos, 1995),586
the interface stress state of which could be explored in future 3-D models of slabs with587
finite widths.588
4.3 Japan-Izu-Bonin-Mariana trenches589
The interface stress states inferred on the basis of slab bending (Figs. 8 and 9c)590
disagree with previous estimates for the Japan-Izu-Bonin-Mariana margins. The slab ap-591
pears to be unbending at 100-300 km depth at the Japan trench, conflicting with pre-592
vious inference of a compressive overriding plate (Heuret et al., 2012) and high integrated593
interface shear stress (Dielforder et al., 2020). Slab bending appears to be occurring at594
the Izu-Bonin-Mariana margins, conflicting with previous estimates of overriding plate595
extensional regime behind the Mariana margin (Heuret et al., 2012) and low calculated596
interface shear stress at the Izu-Bonin margin (Lamb, 2006). The difficulty in using the597
models to predict the interface stress at these margins may be related to a reorganisa-598
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tion of subduction dynamics ∼ 5Ma (Hall, 2002), which potentially resulted in more com-599
plicated bending dynamics than were modelled.600
The characterisations of average intermediate-depth slab stress state by Alpert et601
al. (2010) appear to agree with slab morphologies in both regions. The unbending slab602
at the Japan trench is draping across the lower mantle (Fig. 9c; Goes et al., 2017). The603
bending slab at the Mariana trench is penetrating into the lower-mantle, with little ev-604
idence of recent rollback (Fukao & Obayashi, 2013; Goes et al., 2017). However, in both605
cases there is evidence that the overriding plate stress state is in disequilibrium with or606
is decoupled from mantle-scale slab dynamics. At the Japan trench, slab earthquakes607
at 100-150 km depth have focal mechanisms with down-dip T-axes (Alpert et al., 2010)608
potentially indicative of bending or stretching at the 100 km depth we analysed, from609
which our model would instead infer high interface stress. Yang et al. (2018) reproduced610
this pattern in geodynamic models, coinciding with the initial stalling of Japan trench611
retreat. At the Mariana trench, back-arc spreading is still occurring, controlled by mo-612
tion of the overriding plate (Heuret & Lallemand, 2005) and interaction with the Ryukyu613
subduction zone, lowering the geodynamic coupling between the overriding and subduct-614
ing plate in geodynamic models of the region (associated with low pressure within the615
plate interface; Holt et al., 2017, 2018).616
It is therefore plausible that the intermediate-depth slab bending dynamics are not617
a dominant control on the interface stress state at the Japan and Izu-Bonin-Mariana mar-618
gins and previous inferences of low interface stress may result from overriding plate dy-619
namics not modelled here. The Japan trench has hosted many great earthquakes and620
appears to have high seismic coupling (Fig. 9c), which has been argued to correlate with621
overriding plate compression (Heuret et al., 2012). Overriding plate extension has like-622
wise been associated with the lack of great earthquakes and low seismic coupling at the623
Mariana trench. Future modelling incorporating overriding plate forcing is required to624
test any correlations between geodynamic influences on interface stress and seismogenic625
behavior.626
4.4 Along-strike variation in slab dynamics627
While we have focussed on long margin segments most applicable to our 2-D anal-628
ysis, there is potential for future studies to explore the extent to which along-strike vari-629
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ation in subduction dynamics results in contrasts in interface stress. For example, un-630
like the Ryukyu slab, the slab subducting at the Nankai trench does not extend below631
100 km in parts (Pownall et al., 2017; Wu et al., 2016) and experiences bending or stretch-632
ing at 50-100 km depth (Bailey et al., 2012). There is also a contrast between slab bend-633
ing at the Kermadec and Hikurangi margins (Fig. 9d), potentially corresponding to a634
reduction in recent slab rollback (Schellart et al., 2006). In both cases, there is evidence635
of an along-strike increase in interseismic coupling in regions of increased slab bending,636
which have been associated with a switch in overriding plate deformation style (Wallace637
et al., 2009; Wallace & Beavan, 2010).638
At the Sumatra-Java margins, it is also unclear to what degree the inferred slab639
bending and high interface stress at Sumatra extends to Java. Heuret et al. (2012) clas-640
sified both Sumatra and Java as having similar overriding plate regimes, however they641
found that Java has relatively thinner trench sediment fill that may discourage the oc-642
currence of great earthquakes. Raghuram et al. (2018) used forebulge flexure models to643
argue that high plate coupling occurs in Sumatra, where the slab is short, due to hor-644
izontal forcing resulting from the adjacent subduction of the longer Java slab (P-wave645
anomalies in Fig. 9a). This may be analogous to imposing a constant vc in our models646
with young ageSP and episodic stalling. While Java appears to have hosted fewer great647
earthquakes and to have lower seismic coupling than Sumatra, the seismogenic behav-648
ior remains poorly constrained (Scholz & Campos, 2012). Our 2-D models are unable649
to capture along-strike variations in slab dynamics, however there is potential for slab650
dynamics to influence transitions in interface stress state in the regions discussed, requir-651
ing future exploration using 3-D models. There is also potential to use 3-D models to652
explore the stress state of narrow margins with high trench curvature, such as the Sand-653
wich and Antilles margins, which appear to have low seismic coupling (Heuret et al., 2012).654
5 Conclusion655
The relationship between subduction dynamics and interface shear stress has been656
analysed for data compiled from numerical thermo-mechanical subduction models by Garel657
et al. (2014). We find that the interface layer shear stress is broadly proportional to slab658
bending and slab pull, and inversely proportional to trench retreat velocity. It follows659
that higher shear stress is predicted at seismogenic depths for slabs that are dominated660
by vertical slab pull and limited unbending, while lower shear stress is predicted for slabs661
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with significant unbending and reduced slab pull, typically associated with trench retreat.662
These relationships were used to qualitatively estimate relative interface stress using pre-663
vious characterisations of slab bending for Circum-Pacific regions and compared to pre-664
vious estimates of stress and seismogenic behavior.665
At the Tonga-Kermadec, Sumatra, southern Peru, Chile and Ryukyu margins, where666
axial slab stress state is most clearly characterised, estimates of high or low interface stress667
associated with bending or unbending broadly agree with previous estimates and cor-668
relate broadly with aseismic or seismic characterisations respectively (with the excep-669
tion of northern Peru). Other margins analysed are anti-correlated or ambiguous. The670
predictions of interface stress from slab bending style is difficult to reconcile with pre-671
vious stress characterisations at the Japan-Izu-Bonin-Marianas margins, which we in-672
terpret to be related to recent reorganisation of subduction dynamics and overriding plate673
forcing not modelled. Our findings indicate that there is potential for large-scale sub-674
duction dynamics to produce considerable variation in interface stress between margins675
thought to have contrasting seismogenic behavior. Further modelling is required to quan-676
tify how this long length- and time-scale stress influence interacts with the earthquake677
cycle, as well as other critical influences on fault stress, such as fluid pressure, trench sed-678
iment thickness and heterogeneity of frictional fault-zone properties.679
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